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SUMMARY

Misers Bluff Phase II consisted of 2 experiments, a single

100 Ton TNT burst and 6 100 Ton TNT charges arranged in a hexa-

gonal pattern and fixed simultaneously. The primary purpose

of the experiments was to evaluate the Waveform Synthesis Model

(WSM) for scaled MX conditions. The WSM was developed during

Misers Bluff Phase I as a procedure for predicting ground mo-

tions for the multiple burst attacks which might result because

of the MX deployment pattern.

The fundamental assumption underlying the WSM is that the

principal of superposition may be used to combine the effects

of individual bursts to predict the ground motions for multiple

detonations. It was recognized from the outset that the known

nonlinearities in soil response could lead to failure of this

assumption in which case the multiple burst experimental data

would be used to construct algorithms to account for the non-

linearities. The Waveform Synthesis Model contains the following

seven elements:

(a) A statistical package that allows Monte Carlo treat-

ment of CEP, time-on-target errors, and height-of-

burst uncertainties

(b) An air-slap-induced vertical ground motion prediction

procedure that uses the LAMB code to predict the

....... .. ....... ....... .. .....' .. . ' i I II I I I I



multiple burst overpressure waveforms at points of

interest and a one-dimensional finite difference

code, PLID, that includes the no-flow pore-air

expansion model, to calculate the air-slap-induced

vertical ground motions

(c) An analytical estimate of the horizontal air slap

motion

(d) A WES-developed empirical prediction procedure for

the low frequency upstream-induced motions, based

on a compilation of high explosive and nuclear

data, and groundroll frequencies calculated by

computer code

(e) A routine for calculating the proper time phasing

and vector components for each individual burst,

of the motions at designated target points and

linearly combining these effects

(f) Algorithms for adjusting the linear combinations

to account for the nonlinearities

(g) An input/output routine to plot and list pertinent

data.

The Misers Bluff Phase I results had demonstrated that the super-

position assumption was not valid for all locations of interest

for the hexagonal array. Because of this the major thrust of

the Phase II data analysis was to evaluate predictions based

on superposition of waveforms measured on the single burst event
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and identification of the nonlinearities causing the failure

of superposition.

The single burst predictions which are superimposed for

multiple burst cases are based on state-of-the-art empirical

procedures. Evaluation of these procedures for the MB-II single

burst event resulted in the following observations:

0 The vertical air-slap component of motion is well

predicted by the 1-D finite difference code, PLID,

used in the WSM. This code includes a first-order,

no flow model of the pore-air expansion phenomenon

which results due to the negative (gage) phase of the

surface airblast.

0 The horiozntal air-slap component of motion is

reasonably well predicted by the AFDM procedure used

in the WSM except for the air-slap induced shear

wave contribution.

0 The low frequency components (crater-related, up-

stream-induced, and oscillatory motions) are reason-

ably well predicted by the modified WES prediction

procedure.

VI Analysis. of the data from the multiple-burst event (MBII-2)

and comparison with the Phase I results led to the following re-

sults:
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Superposition fails as a predictor of the local

airblast related signal. This occurred on Phase

I also and was anticipated because of the nonlinear

response of the air. The WSM does not use super-

position for this component. Instead the LAMB code

is used to predict the airblast environment and the

PLID code is used to predict the vertical airblast

induced particle velocity. This procedure resulted

in good predictions where LAMB gave airblast re-

sults consistant with the airblast data.

* The near surface horizontal motions were not predic-

ted satisfactorily by superposition inside the

explosive array. These motions do not appear to be

significantly affected by the pore-air expansion

phenomenon, but indicate, as do the deeper horizontal

motions, that the geometry of the experiment (wave

convergence) is resulting in larger motions than

predicted by superposition due to the high stresses

generated by the wave interactions and nonlinear

stress-strain behavior of the soil.

* The "late time" low frequency (Raleigh Wave) motions

and the total waveform for stations outside the

explosive array are well predicted by superposition.
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0 The relationship derived by Murphy and Auld con-

cerning the effect of bedrock on the period of the

low frequency motions is consistant with the

Misers Bluff data.

0 The principle nonlinearities causing the failure

of superposition were the nonlinear equation of

state of air, the pore-air expansion phenomenon,

the geometry leading to the wave convergence

effects (related to the constitutive equations of

the soil) and the nonlinearities associated with

free fall after spall.

Theoretical analysis of the first two of these are reason-

ably well in hand, but pretest evaluation of the in-situ soil

properties controlling the pore-air expansion represent a prob-

lem in practice. Material stress-strain nonlinearities and

spall can be treated theoretically, however the empirical pre-

dictions procedures used in the Waveform Synthesis Model do not

treat these explicity, therefore, simplified algorithms must

be developed for the WSM.

The Waveform Synthesis Model has been significantly im-

proved as a result of the Misers Bluff 11-2 experiment. It

now does a credible job of predicting nuclear multiple burst

events.
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1. Introduction

The Multiple Protective Structure basing concept for the

MX system, currently under development by the Air Force, derives

its survivability by creating more potential launch points than

can be attacked one-on-one. This basing mode results in a

large number of hardened launch sites only a few of which are

occupied by missiles at any point in time. The missiles are

covertly shuttled among the protective structures in a random

manner such that each potential launch point is an equally

appropriate target.

The land requirements and system operating costs favor

close spacing of the launch points while survivability considera-

tions favor a large spacing to prevent the accumulation of

weapons effects on unattacked launch points from the attack of

neighboring launch points. Evaluation of this trade-off requires

predictions of the ground motions which result from multiple

detonations in the vicinity of the unattacked launch point.

The Misers Bluff Test Porgram was a two phase series of

experiments designed to study the multiple burst phenomena

pertinent to the MX system concept. The overall objective of

the program was the development of a Waveforms Synthesis Model

(WSM) which could be used for the prediction of the multiple

brust ground mo-tion environment. The point of departure for

the WSM was a superposition of the empirically predicted wave-

forms for the individual bursts.
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Phase I of the test program consisted of eight small

scale experiments (see Table 1 for configurations, yields and

individual objectives). The single burst experiments served

two purposes:

0 To evaluate the accuracy of the state-of-the-art

single burst prediction procedures,

0 To provide a data base for preparation of super-

position predictions for the multiple-burst

experiments.

This allowed an independent evaluation of the two major assump-

tions of the Waveform Synthesis Model. The primary purposes

of the multiburst experiments were to:

0 Evaluate the superposition assumption.

0 Provide a data base to identify the possible non-

linearities in the waveform accumulation.

The analysis of the Phase I experiments is reported in References

3 and 4.

Phase II of the Misers Bluff program consisted of two

larger yield experiments in a geology more representative of

the MX siting region. The objective of these experiments was

to test the predictive model (WSM) for both single and multi-

ple burst events. This broadened the limited multiple burst

30



data base, and allowed more confidence in generalizing the

prediction procedure. The analysis of the Phase II experi-

ments is the subject of this report.

Section 2 of this report presents a description of the

site geology and the experimental configurations. The data

are analyzed, compared to previous experimen~ts and the pre-

test predictions are evaluated in Section 3. Section 4 pre-

sents the resulting recommended prediction procedures for both

single and multiple burst events and describes the Waveform

Synthesis model. Conclusions and recommendations are presented

in Section 5.
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2. Experimental Plan

2.1 Location

Misers Bluff Phase II was conducted on a privately

owned ranch known as the Planet Ranch. The ranch is located

approximately 25 km east of Parker Dam near the Arizona-

California border. The nearest cities are Parker and Lake

Havasu, Arizona located at a distance of approximately 48 km

(insert on Figure 4) from the test site.

The 95 hectare test site (Figure 4) was lot-ated

near the eastern edge of the Planet Ranch in a valley at the

confluence of a major arroya and the Bill Williams River. The

valley is bordered on the east by a 15.2 m to 91.4 m cliff,

to the north and west by low lying hills, and to the south by

the Bill Williams River. (References 5 and 6)

2.2 Geology

Geotechnical studies of the Phase II test site were

performed by AFWL, Fugro National Inc., and the U.S. Army En-

gineer Waterways Experiment Station (WES) . Results of the

studies that relate to the data analysis will be summarized

herein. For a more detailed discussion, the reader is referred

to References 7 through 12.
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2.2.1 Description

The Phase II test site is characterized

by a variable thickness (0 to 2 meters) of dry, highly com-

pressible silt overlying a fine-to-coarse sand strata with

gravel contents varying between 0% and 40% by weight. At

most locations in the test bed area, clays and silts were

encountered below the sands at depths that ranged between

8 m and 11 m. Below these fine grained deposits was a second

sequence of sands with gravel that in turn overlie a few meters

of gravels, cobbles, and boulders. Conglomeritic sandstone

was the bedrock at the site; the soil/bedrock contact ranged

between about 20 m and 70 m below the surface in the area of

interest. The around water table was at about the 4.5 m and

6.5 m depths at the time of MBII-I and -2 respectively (Re-

ference 7).

2.2.2 Seismic Properties

An extensive geophysical program was con-

ducted at the Phase II test site. This included down-

hole, uphole, crosshole, and seismic refraction surveys. The

specific methoas and analyses used in determining the properties

of the site are presented in References 7 throuqh 12.

True p-wave and s-wave velocity profiles

determined from the crosshole and p-waves from the refraction

surveys by WES near MBII-l are shown in Figures 5 and 6. The

P-wave rofile indicates that the 100% saturation zone was

ai mInd 15% meters below the surface. Bedrock, as determined
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from the p-wave profile, was at a depth of 34.7 m. The s-

wave profile shows minor changes until rock is encountered

around 33.5 m. The reversals seen in these profiles indicate

varying percentages of gravels in the layers and differing

degrees of cementation.

True p-wave and s-wave profiles determined

from the crosshole survey by Fugro near the MBII-2 ground

zero are presented in Figure 7. The seismic properties around

Event 2 are similar to those at Event 1, however, there are

differences in the depths of the major layers. The 100% sat-

uration zone was between 10.7 m and 12.2 m and bedrock was

encountered at about 52 m. Comparison of the p-wave velocities

of the bedrock indicates that at MBII-2 it is slightly less

competent than around MBII-l.

2.2.3 Material Properties

Site exploration and laboratory testing pro-

grams were carried out to characterize the materials at the

Misers Bluff test site. Index, properties tests, consolidated-

undrained triaxial shear tests, compaction, and relative

d tnsity tests were performed by Fugro. Results from these

tests are reported in Reference 8. Standard penetration, clas-

V sification, and composition properties were determined by

WES and the results are reported in Reference 7. Dynamic UX

tests performed by WES and recommended material properties

are reported in Reference 12. In addition to laboratory test-

inq, CIST 19 (Ref. 1i) was conducted at the site to determine

insitu properties.

438



S1 P-Wave RI S-Wave R2

0 2(),) mps ED 130 1111 s

o 0 0

o 3(4 rnils ) 1)2 TmI's 13

0 427 irts [] 226 mIIS

10 18 210 m

0 17G8 ml.s 250 mls 

0 [])[

0 El [

2oo E
0 2073 m;, [ 262 mri,,y; E)

0 9-----------

S(120 TI I S 274 mt, 

0 - - - -0-- -
, 0 0 9

0 0 [

oc0 ] []

0 0

0 9 9

0 G3 9

wo I9 []

0 9

0 0 E9

~0 207 0 m7 TT El 9 ma

o 9] 9

0 274 Tt 1 0 9 ,1 0

o 49 in

Nea ml4 (Ref 1 1 11T

0 39

---- 0 - - -]

I"0 3% 1nt9n1

0 [] 9

4 39?' ,m ] ,' TI [



The results of the material property in-

vestigation and the geophysical studies are shown in Fiqures

8 and 9 for MBII-l and MBII-2 respectively. These are the

site profiles used in analysis of the MBII data. Figure 10

shows the idealized calculational site profile (determined

from CIST 19) that was used for the pretest predictions of

MBII-l and MBII-2. This is slightly different from Figures

8 and 9 because it was based on preliminary geophysical in-

formation. Figure 11 shows a three dimensional projection

of the bedrock surface which illustrates the nonlevel nature

of bedrock over the valley.

2.3 Instrumentation Plan

The instrumentation layouts for the experiments

in Misers Bluff Phase II are shown in Figures 12 through 14.

Motion sensors used on these experiments were Endevco model

2262 and 2264 accelerometers, Sandia model DX velocity gages,

WES SE stress gages, LVDT soil strain gages, and Kulite model

HKS-375 and XTS-1-190 airblast gages. Ranging, installation,

and recording of the data was performeCd by WES. A more de-

tailed discussion of the instruments used may be found in

Reference 13.

Initial data reduction for Phase II was done by

WES. They provided corrected data plots at scales of 1"-

400 msec to a total time of 2 seconds with amplitude scales

automatically set by the plot proqram. WES then provided

corrected data tapes to AFWL, who made additional plots at

4 40
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V
expanded time and amplitude scales. Frequency domain data

were also provided by WES for selected measurements of MBII-2.
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3. Discussion of Data

3.1 Review of Phase I Results

In order to discuss the Phase II experiments, it

is helpful to review the major multiple burst results, from

Phase I. A typical multiple burst experiment (MBI-4) is

shown in Figure 12. Shown on Figure 13 are the areas in which

the superposition assumption was accurate and inaccurate.

Superposition failed as a predictive model interior

to the charge array above the water table. Examples of the

waveforms measured in this region are shown in Figures 14a

and 14c. The failure was apparent in both horizontal and

vertical waveforms, but was more dramatic in the vertical mo-

tions. The major difference observed was the long duration,

large amplitude upward motion following the downward air slap

(Figure 14a). Two hypotheses concerning the origin of this

signal resulted from the data analysis. The first hypothesis

is that the upward motion is due to the expansion of the pore

air in the soil caused by the passage of the negative pressure

of the airblast, which dilates the material and produces sig-

nificant upward motions. The second hypothesis is that these

large upward motions are due to free surface spall which re-

sults from high stress levels created by the interaction of

direct and reflected (from the center) waves. The interactions

aLe the result of the convergent nature of the geometry. Cal-

culations modeling both phenomena were made for comparison of
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the Phase I experiments and the pore air expansion mechanism

appeared to be more influential than wave convergence.

Based on the results from Phase I the waveform

synthesis model was updated and used to predict the Phase II

experiments. The objective of this report is to evaluate and

refine this model based on the new data.

The process of developing a prediction procedure

naturally involves the prudent utilization of theory adjusted

for experimental data. In developing prediction procedures

for ground shock phenomena, simple theory has proven inade-

quate and prediction procedures are heavily biased to ex-

perimental data. The unfortunate aspect to a heavy emphasis

upon empiricism in making predictions is that the predictions

are only as good as the data base from which they are derived.

Since the data base is quite limited and predominately from

high explosive events, theoretical guidance is required in

extrapolating to the high yield nuclear events of interest.

For the above reason it is imperative that each

new data group added to the data base be checked for consis-

tency and anomalies, thereby validating or revising the pre-

diction procedures based upon the previous data set. Therefore,

within this report comparisons of Misers Bluff II-1 data to

the preexisting data are made.

The ABTI-2 event data will be used to evaluate

the superposition assumption and to study in greater detail
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the nonlinearities which were hypothesized from the results

of Phase I. The end result of this study will be a Waveform

Synthesis Model for predicting waveforms from either single

or multiple burst detonations.

3.2 MBII-l

3.2.1 Previous 100T High Explosive Experiments

Misers Bluff II-1 is identical in explosive

yield and configuration to eight previously conducted tests.

Small variations in explosive charge and/or configuration were

present in some of these tests, however, the effect of those

small changes are felt to be minor when making comparisons

for determination of site effects. For example, the MINERAL

ROCK and MINE ORE events were 1/10th buried, that is to say

the center of the TNT charge was at a height of 2.20 meters

rather than at the standard surface tangent height of 2.4

meters. Other charge variations including the PRE MINE THROW

IV 102-ton Nitromethane charge and the more recent AN/FO

capped cylinders have proven similar to the surface tangent

100-ton TNT charges in the PRE DICE THROW series of tests

(Ref. 14).

Table 2 presents a brief review of the 100-

ton explosion site data. The spectrum of sites tested covers

a wide range of earth material properties from the low strength

saturated silts, sands, and clays of the PRE DICE THROW Site

on the White Sands Missile Range, New Mexico to the high

strencith properties of the quartz diorite at the MINE SHAFT

54



In C 
-4 C) C CD C) IC) IC) IC) IC) I)

%D 1O* - -4 r-I
AA A A

Cl4 C) CD (4 C C 'T 'IT OD
L- I) Ul (N In) IC) -4 ,-1 w

4J r r- -4 -4
r- A A - A A (N (NJ

4-~J .JJ -A -4
HU * f (arU (U
$-4 - - 4~J 4.3 (

H >, 0 0 En En ( .4 -4 U
0m (5 - *Hq 1-1 *H1 .1 -

r-4 ~ >1 >i 4-J U) U)n >

En N N -q 14 -H4 >1 >i '
E-- 41 4-) u (1) ) (1)

Mx Cfl 4.3) 4 >i > 1 >,tc >'d 1
wx r- (Uj (U 4-J >1 >4( m U m (U r (0

.1- -H- J :: Q) $4 --I fo-4 4(0 4
M/L 4 4 0 00 U) QU 0 n uE

0,0

>x E- p p z z-
o u 0

4-4
-4

z U)

Ei 0

z <DC CD CD CD C (N4 CD CD Co CD CD C CD C CD CD (N C4

C Cx
CD 4-

-4z4-

-4 (

n: 04 0 02

H5



Site near Cedar City, Utah. The depth of water table varies

from 1.2 meters at the MIDDLE GUST Wet Site to a depth of over

150 m at the PRE MINE THROW and MIDDLE GUST Dry Site. The

depth to rock also covers a wide range of variation from the

surface rock at the MINE ORE and MINERAL ROCK events (MINE

SHAFT site) to the 3 meter depth shale at the MIDDLE GUST

Wet Site to a depth greater than 150 meters at the PRE MINE

THROW and PRE DICE THROW Sites.

There are three site characteristics present

at the Misers Bluff Site which were not present in any of the

previous events. The first of these is the presence of an

extremely soft and compactible near-surface layer. This charac-

teristic will be discussed in the following sections of this

chapter since special emphasis was placed in estimating the

effect of this layer on pretest predictions. This characteristic

will be shown to cause significant differences in downward

air slap and upward motions from those motions observed in

the past test on other geologies.

The second difference in the Misers Bluff II

site has to do with a zone of near-complete water saturation

above the 15 meter depth, but below what is generally referred

to as the water table. Material below the water table is most

generally and commonly assumed to be saturated, i.e., all voids

are completely filled with water. The effect of small amounts
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of air within the voids is known to cause significant dif-

ferences in material compressibility in the laboratory (Ref.

15) and is believed to cause the significant differences in

both compressibility, and wave speeds in the field, however,

measurements of percent saturations in the field are nearly

impossible to make within a few percent. Figure 15 illustrates

an example of the significance of a small amount of air filled

voids on soil compressibility. The effect of this layer upon

the Misers Bluff field of motion will be addressed in Section

3.1.5.

The third site characteristic of Misers

Bluff significantly different from previous tests is the

presence of bedrock at a depth within the range of 20-60

meters. All previous test event geologies can be character-

ized as one or two-layer systems. Misers Bluff is a distinct

three layer geology with the near-surface dry soil underlain

with saturated sand and gravel at a depth of 10.6 meters and

bedrock shallow enough to affect motions within the conven-

p tional outrunning ground motion regime (typically 100-200

meters).

57



100,000

(Z

10,000
0

0

'C) 1,000

-4

-7 -3

R:iducial Air 'ontent

99,.998 9,).98 99.3 97 .8

water saturation (%)

Figure 15. Modulus (Compressibility) of Soil
with Entrapped Air for a Sandy

Soil with a Void Ratio of 0.46

(Ref. 15)

4 58



The theoretical techniques being used pre-

sently for prediction of surface waves (oscillatory com-

ponent) indicate that stiffer material at depths on the

order of 1/2 to 1/3 of the ground ranges involved have a

significant effect on the motion. This site has the stiff

layer shallow enough to evaluate this effect. This subject

is addressed in Section 3.1.6

3.2.2 Phenomenology

Near surface (0.5m) vertical and horizontal

velocity waveforms are shown in Figures 16 through 19. There

are three distinct regions of ground motion categorized accord-

ing to range from ground zero, and similar to the zonation used

in Reference 16. The first includes the 12.5 m range to the

33.5 m range measurements. The next region includes those

gages from the 50 m range to the 100 m range. The final region

extends from the 132.3 m range out to the farthest measurement

stations.

The ground motion observed in these regions

appears to reflect the variable thickness near surface silt

(Refer to Fig. 8). In the first region the depth of silt

1' is greater than the gage depth. As the second region is

approached the silt is tapering up to a depth approximately

the same as the gage. In the third region the gages are deeper

than the bottom of the silt layer.
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Vertical motion in the first group (Fig. 16)

is initiated by the passage of the overhead airblast which

creates a downward velocity. This is immediately followed by

a large upward motion which is related to the formation of

the crater and the negative phase of the airblast. The upward

motion is interrupted by a small secondary compressive phase

in the airblast (indicated by A s on Fig. 16). This secondary

compressive phase is of short duration and terminates before

the material can return to its initial position. The material

then begins to free-fall (signified by the -lg slope in Fig.

16). This free-fall ranges in duration from approximately

1.8 seconds (the extent of the data plot) at the 12.5 m range

to about 0.3 seconds at the 33.5 m range. This group of wave-

forms is characterized by little or no motions at later times.

Horizontal motions in this region (Fig. 17)

exhibit the same behavior as the vertical motions described

above. The overhead airblast initiates the motion with an

outward signal. This signal is followed by the airblast in-

duced shear wave which clips the outward air slap and drives

the motion inward (toward the charge). This is not seen in the

vertical records. Then a large outward signal attributable

to the formation of the crater occurs during the time frame

of negative phase effects seen in the verticals. Late time

motions vary from little motion at the 12.5 ,. range to os-

cillatory in nature at the 33.5 m range.
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Beginning with the 50 m range a slight change

in character is developing in the vertical motions (Fig. 16).

The initial motions are as described above, but the free-fall

signal is followed by an abrupt reversal in motion. This re-

versal is due to the material reaching its initial position

(transient displacements are zero) and rejoining the lower

material. Following this rejoin an oscillatory motion is

observed. At the 50 m range this oscillatory motion is of

small magnitude and short duration, but at increasing ranges

this component becomes more significant.

Again, horizontal motions (Fig. 17) correlate

reasonably well with the verticals. Crater-related (upstream

air induced) effects are occurring in the time frame of the

neclative phase effects seen in vertical motions. The abrupt

outward siqnal visible at approximately 450 msec is the result

of the material rejoining in the vertical motions. Horizontal

motions are completed in this region by oscillatory motions.

These oscillatory motions are much larger in magnitude relative

to early time hori7ontal motions than was observed for the

vertical motions. Comparison of this oscillatory signal be-

tween the vertical motion and horizontal motion however re-

vealed that the peak values were of the same order of magni-

tude.
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The final group of vertical waveforms

(Fig. 18) is in the outrunning region so the air slap is

preceded by, and superimposed upon the low frequency os-

cillatory motion. Following the air slap there is an upward

signal related to the recovery of the material and reflections

from deeper layers and upstream air-induced effects (see

Fig. 8). Motion is then directed downward as the upward

momentum of the material is overcome by the tail of the in-

itial compressive phase of the airblast. Following the down-

ward motion comes the upward motion attributable to the over-

head passage of the negative phase of the airblast. This

second upward peak is reached as the recompression phase of

the airblast arrives. Subsequently the material beqins free-

fall (signified by the -lq slope on Fig. 18). Rejoin (impact)

then takes place, reversing the motio.. and a continuation of

the oscillatory component completes the motion.

Horizontal motions measured in this region

are shown in Figure 19. Again the correlation in phenomen-

ology is good between the horizontal and vertical motions.

Figures 20 through 22 present the vertical

and horizontal waveforms measured at the 3 m depth. Again

these waveforms may be placed into three categories. The

first is of the classical superseismic nature (33.5m to

66.1m). Region 2 (88.6m to 132.3m) is transitioning from

the superseismic zone of region 1 to the outrunning zone of

region 3.
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Vertical motions in the first region (Fig.

20) is characterized by the initial high frequency downward

air slap. fmmediatoly followini this is a long duration up-

ward motion. Thi; S i ma, or-i, inates from a combination of

the crater-relat,t 1110t ion1 th,t impulse causing crater exca-

vation closel-,in), ! Itw't ion1s of the air slap from deeper

I v e V'F-s and d i tFt - l, c,,I and upstream airblast induced re-

fracted mot ion. CailculaIt ions indicate that the negative phase

effe1t does not At tooct these depths. The material then begins

to tall only under th influence of qravity. This downward

motion is deoIeltetd and reversed as the upper material rejoins

the lower materi al. This is then followed by an oscillatory

motion that becomes more siinificant as distance from the source

incroa sos.

Horizontal motions measured in this region

are shown on Fixture 21. As was the case for the data measured

at the 0.5 m depth, there is good cor-relation of phenomenoloqy

between horizontal and vertical velocities, i.e., motions

described in the vertical waveforms are identifiable in the

hor i'ontal wave torms.

The intermediate range record (reqion 2

o)n ,i q. 20) for vertical motions shows transition from the

lass i cal .superseismic waveforms with strong crater related

ii)n ilis, t o w,]ivforms that have reduced crater related (up-

st i,,,im induced) mot ions, and have more sigInificant oscillatory
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motions. This waveform also exhibits a second upward motion

in the time frame that the preceding group was quiescent.

This may be due to second and third reflections impartinq

upward momentum while the overburden stresses above are re-

duced due to zero or negative air pressure (gage) at the sur-

face. At this time, the oscillatory component arrives and

completes the motion.

The horizontal motions in this reclion (Region

2, Fig. 21) are similar, however the upstream induced signal

has a lonper duration thl.n in the vertical waveform. This

indicates theit this siqInal is more dominant in the horizontal

direction. Following this cycle of motion the oscillatory

component arrives and completes the waveform.

The final region of vertical motion (region

3 on Fig. 20) is similar to those described above with the

exception that the air slap is superimposed on the outrunninq

wavetorm. Also a sicinal similar to a free-fall rejoin signal

is apparent, however, the rate of motion is less than free

fall and timinki is such that it appears to be propaqatinq

from the 100 m range.

Aoain the horizontal motions (Reqion 3, Fiq.

22) correlate well with the vertical motions.
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This single burst experiment was phenomenologi-

cally different from those in Phase I in one very important

respect. This was the range to which the long duration up-

ward motion followed by the free-fall slope of -1 g and the

abrupt reversal of motion extended. The Phase I single burst

experiments experienced the phenomena to ranges not greater

than 1/2 the multiburst charge spacing, whereas on Phase II

it extended to greater than the charge spacing. In the near

surface (0.5 m depth) waveforms this signal is due to the

dilation of the near surface material by the passage of the

negative phase of the overhead airblast. The surface silt

layer, which was reported to have 47 percent air voids (Ref.

7), is very susceptible to the pore air expansion mechanism.

As the dilated material returns to the lower more competent

material, it falls only under the influence of gravity which

produces the -1 q slope on the velocity records. The abrupt

reversal is due to the upper material rejoining the lower

material much like the dropping of a spring, i.e., the dilated

material hits the lower material and goes through a period of

compression and then rebounds causing reversal of the motion

in an abrupt fashion.

The upward motion and associated free-fall

rejoin signal at the 3 m depth is believed to be caused by a

mechanism other than pore-air expansion. The increased density

(and a consequently smaller volume of air) and greater overburden

stresses of this deeper material would have a tendency to resist

the pore-air mechanism.
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The hypothesis is that the apparent spall is the result of

compression waves striking a free surface and reflecting

back into the soil as tensile waves. Separation occurs be-

cause the constructive interference of these two waves pro-

duces a net tensile stress greater than the strength of the

material and overburden stress. As this separation occurs

another free surface is formed. The spall will then propagate

downward as compressive waves below from below impinge on the

downward propagating free surface. This process continues

until the magnitude of reflected tensile wave is insufficient

to overcome the tensile strength of the material and overburden

stress. This separation can be identified at the 3 m depth to

about the 100 m range. A similar signal at greater depths and

ranges is apparently the transmission of the impact from the

rejoin of the material. Figure 23 shows the extent of spall.

The gages in the silt layer separated as a result of the pore-

air expansion mechanism whereas those below the silt spalled

as a result of the free surface.

3.2.3 Airblast Results

Peak values of overpressure, overpressure

impulse, and positive phase duration are shown in Figures

24 and 25. The predictions were taken from the Misers Bluff

Test Plan Volume II (Ref. 6). As is seen from the figure,

the predictions of all three parameters are quite acceptable.
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Airblast arrival times are shown in Figure

26. This curve shown was taken from Reference 6. Again the

prediction of arrival times was good.

3.2.4 Air Slap Component of Ground Motion

For the purposes of this report, the air

slap component of ground motion will be defined as that

component of ground motion that is directly attributable

to the passage of the overhead airblast.

3.2.4.1 Prediction Procedure

Prediction of the air slap com-

ponent was accomplished using PLID, a one-dimensional finite

difference code. Use of this code requires specification

of the overhead airblast at the location in question and a

uniaxial material model.

Airblast parameters necessary for

specification in PLID are peak overpressure, positive phase

duration, and impulse. These parameters were obtained from

Reference 6. The overpressure waveform was described by an

exponential function of the form:

P(t) = Ae t

where P(t) = overpressure at time t

A = peak overpressure

= decay coefficient developed
from iteration

t = time

.4 77
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A curve fitting procedure was used in developing the decay

coefficient a. After determing x, the function was inte-

grated over the positive phase duration to check the calcu-

lated impulse and the predicted impulse. This process was

repeated until the two impulses were approximately the same.

(This procedure rather than LAMB was used pretest because the

LAMB/PLID code combination was unavailable at that time.)

The material model, material para-

meters, and profile used in the pretest predictions were

shown in Figure 10. These material properties are essentially

those discussed in Section 2.2.3. There are some differences

because the properties shown here were developed early in Phase

TI before the complete geotechnical investigation had been com-

pleted. In fact, the soft silt layer which had a large in-

fluence on the near surface motions had not been identified

when these pretest predictions were made.

PLID calculates velocity, dis-

placement, acceleration and stress. Values of velocity, dis-

placement and stress were taken directly from the calculation.

Due to the hiqh sensitivity of acceleration on artifical vis-

cosity, time step, and zone size, acceleration was calculated

separately. The followinq empirical equation from the Air

Force Desi(In Manual (Ref. 17) was used:

a = )(
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where, a = acceleration -g's

tr = rise time of velocity-seconds

v = velocity from PLID -mps.

Horizontal motions were then

calculated from the vertical values by the following equations

(Ref. 17):
a H  c c)

Acceleration H v tan rc sinav

eoiy v: (arc )Velocity - tan (arc sin )

Displacement d- tan rc sin

where

c. = seismic velocity
1

cL = velocity associated with loading modulus

u = airblast shock front velocity

Peak values and waveforms predicted

in this manner are compared with measured data in the following

--oct ion.
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3.2.4.2 Predictions vs Data

a) Waveforms

Comparison of the vertical

air slap portion of the waveform at 0.5 m depth is shown in

Figure 27. In general, the downward portion of the waveform

was underpredicted. This underprediction is due to the highly

compressible silt layer in the near surface region, which was

not modeled.

The upward portion of the ver-

tical waveforms shown in Figure 27 was underpredicted by as

much as a factor of 9. This portion of the signal was not

modeled in the prediction. This particular signal has tradi-

tionally been attributed to a combination of rebound reflections

off layers and the crater-related signal, but in light of re-

cent studies it appears that at least some (and more than

likely, most) of this maqnitude is due to the negative phase

of the overhead airblast. This mechanism is known as pore air

expansion and a first-order calculational model is described

by Ullrich in Reference 18. Since this model was not included

in the pretest predictions, additional calculations were run

post-test to evaluate it. The results of these additional cal-

culations will be shown and discussed shortly.
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The horizontal waveforms

are compared in Figure 28. In general, for the waveforms

measured at ranges from 12.5 m to approximately 50 m, the

magnitude of the initial outward signal was fairly well

predicted. Pulse widths are somewhat greater because the

I-D vertical prediction procedure does not have the capability

to predict the airblast-induced shear wave. At ranges greater

than 50 m, the mannitude of this first outward peak became

much greater than the data. Pulse widths of the prediction

were significantly greater than the data. The second (and much

greater) outward peak seen in the data is the signal referred

to as crater-related. it is not clear at this point whether

motion here is due entirely to crater-related motions or

whether, as in the verticals, the negative phase has an effect.

b) Peaks

Comparison of peak predicted

and measured air slap vertical downward and horizontal out-

ward air slap induced particle velocities for locations above

the water table are shown in Figure 29. Vertical velocities

P at the 0.5 m depth were underpredicted by as much as a factor

of 3 close-in, but as distance from the source increased, the

prediction improves sicinificantly. The reason for this is that

the hiqh air void material was not modeled in the prediction.
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As range increased along the main gage radial, the silt became

thinner and the gage measured the response of the sand. Pre-

diction of the vertical velocities at the greater depths above

the water table appear to be better predicted than those near the

surface. Horizontal velocities were not as successfully pre-

dicted as the verticals. Generally magnitudes were overpredic-

ted at all depths, and the tendency is for the predictions to

worsen with depth.

The comparison of vertical and

horizontal, air slap particle velocities are shown in Figure 30.

For the vertical motions the predictions generally bound the

data. The measured data at the 9 m depth is generally less

than the data at the two greater depths. This could be the

result of upstream effects arriving at these depths at about

the same as the air slap which add to the magnitude. These

effects are virtually impossible to separate from the air slap.

Another observation made is that the prediction for the 12.5 m

and 25 m depths are shown as a single line. In actuality, the

prediction produced two lines, but the separation was so sliqht

that only one line was used. The reason for the "closeness"

of these two prediction lines was that the material at this

depth was modeled to be essentially elastic.

Horizontal air slap velocities

for depths below the water table (Fip. 30) were not predicted

as successfully as the verticals. In general, the predictions

for horizontal motion were an order of maqnitude lower than the
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vertical prediction. The horizontal data, however, is of the

same order of magnitude as the vertical data.

Attenuation of vertical velocity

with depth is shown in Figure 31 for the 100 m and 33.5 m ranges.

At the 33.5 m range the data and the prediction are fairly close.

The 0.5 m depth gage produced data higher than the prediction

but this is felt to be due to the silt. As depth increased

however the prediction was accurate. There is some scatter in

the data at the 100 m range. It appears however that the

general tendency at this range was to underpredict at most depths.

Comparison of peak predicted and

measured air slap vertical downward and horizontal outward ac-

celerations for locations above the water table are shown in

Figure 32. The same general comments made for the vertical ve-

locities may be made for the vertical accelerations. The reason

for this is the fact that the vertical velocity was used to

determine the vertical acceleration (see section 3.1.4.1).

Horizontal air slap acceleration

above the water table were generally overpredicted. This is

due to the fact that the airblast induced shear wave is not

modeled in the prediction and, therefore, does not "clip" the

maqnitude of the prediction as it does in the data. This over-

prediction was evident at the greater depths on this figure also.
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Fiqure 33 shows the vertical

and horizontal air slap accelerations for depths below the

water table. Aqain much the same comments may be made for

these data as has been made previously because all these pre-

dictions were derived from the calculation of the vertical

velocity.

c) Neqative Phase Effects

Calculations utilizinq the

pore-air model were run post-test to ovaluate the model and to

also determine if inclusion of the silt layer in the calculation

would produce acceptable predictions in the compressive phase.

To do these calculations the PLID code was used. The driver

for this code was the measured overpressure from MBII-I. Re-

sults of these calculations are shown in Fiqures 34 throuqh

41.

Fioures 34 throuqh 36 show the

calculations versus the measured data at the 25 m ranqe to a

depth of 3 m. For the near-surface location (Fiq. 34) the com-

pressive pihase of the air slap is fairly close to the measured

a value. The larCqe upward motion is almost identical to the data

( in character). The maonitudo is somewhat lower than the data,

but not to the extent the pretest predictions were. As depth

is increased to 1.5 m, the compressive and neoiative phases are

both somewhat underprodicted. But the inclusion of the pore air

4 91
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model provides an improved prediction of ground motion during

the negative phase over the pretest prediction. The gage at

the 3 m (Fig. 35) depth broke at about 250 msec so the data

previous to this may be questionable. In comparison with the

data, the compressive air slap is greatly overcalculated and

the negative phase arrives in the calculation after the gage

failure.

Figures 37 through 39 show the

comparisons for the 50 m range to the 3 m depth. Near surface

(Fig. 37) the comparison looks good. The compressive air slap

is fairly close in duration and magnitude. The upward signal

is somewhat shorter in duration and lower in magnitude than the

data, but the character is almost identical. Again, the im-

provement over the pretest calculations is significant. As

depth is increased, the calculations are not quite as good as

the near surface (Figs. 38 and 39). At the 1.5 m depth (Fig.

38) compressive peak and pulse width values are still accurately

calculated. Upward peak magnitudes are about the same in the

calculation as they are in the data in this time frame, but the

* character of the signal is somewhat different. one of the largest

character differences is that the calculation shows the material

reaching its initial position much sooner than seen in the data.

U The calculation at the 3 m depth (Fig. 39) overcalculates the

compressive signal in magnitude but duration is still good. The

pore-air effect is not calculated for this depth. The upward

.4 96
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signal seen at approximately 100 msec in the calculation is

due to recovery of the material and reflections from below.

The signal seen in the calculation at approximately 350 msec

is the transmission of the rejoin signal from above. This

calculation supports the earlier comment that the upward motion

at this depth is not directly attributable to the pore-air

mechanism.

The calculations for the 100 m

range are shewn in Figures 40 and 41. At this range the cal-

culations appear to break down. Magnitudes are lower than

the measured values and the character of the waveforms are in-

accurate. The duration of the upward signal in the calculation

was somewhat reduced by the secondary compressive phase in the

air pressure. This large effect was not seen in the data possibly

due to two dimensional effects occurring within this time frame.

As was the case for the 50 m range, the calculations for the

deeper material did not show the pore-air effect. The upward

motion seen in the early time is due to recovery of the material

and reflections from below and in the late time frame the motion

is the transmission of the rejoin signal from above.

d) Evaluation

The most dominant influence

on the air-slap component of ground motion at the Misers Bluff

II-1 site was the near-surface, soft and comoactible silt layer.
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No site previously tested has had a layer as thick or as soft

as this site and considerable effort was applied to account

for the possible effect of this layer in adjusting predicitons

for the test.

Figure 42 shows the near surface

( 0.5m depth), vertical, downward accelerations for the Misers

Bluff II-1 in comparison to previous tests. Note that the

acceleration measured on Misers Bluff fall on the high side

but generally within the band of data from previous tests.

The peak downward velocities

are shown in Figure 43. This plot shows that the Misers Bluff

data forms the upper bound to all data indicating a significant

effect of the silt layer. This trend shows up even greater

in Figure 44. It must be noted here, however, that air slap

displacements are often truncated by upward directed upstream

effects reflections and/or refractions prior to completion of

peak downward airblast-induced motion. Figure 45 from MIDDLE

GUST III shows an example of such truncation. In any case,

however, the compactible nature of the near-surface silt had a

substantial effect upon the air-slap motions observed on Misers

Bluff 11-1, and provide a new upper bound for peak airblast-

induced motions.
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As far as the prediction pro-

cedure is concerned, the PLID code coupled with the pore-air

model is probably the best tool at this point for the vertical

air-slap component for near-surface predictions. The accuracy

of this tool is dependent upon the ability to determine the

material properties of the media in question. These include

compressive properties as well as tensile properties. Tensile

properties are the hardest to quantify especially for the very

low values of these types of soils and therefore provide the

"weakest link" for the prediction of this component. The

procedure appears to break down rather quickly with increasing

depth. This may be due to two-dimensional effects not included

in the one-dimensional PLID code calculations. It may also be

due to inadequacy in the pore-air model currently being used.

Two-dimensional calculations utilizinq a pore-air model should

be run to evaluate these 2-D effects and the effect of the pore

air model on horizontal motions.

For horizontal air-slap motions

the prediction procedure was based on the AFDM. This represents

a first-order estimate. As was seen in the comparisons in this

section it provided results somewhat greater than the data so

it is at least desiqn conservative. At this point it is felt

that the AFDM procedure should be applied only to the compressive

portion of the vertical air slap because of the uncertainty with

reqard to the pore-air expansion effect on horizontal motions.
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3.2.5 Crater-Related Component of Ground Motion

For the purposes of this report the crater-

related (or direct-induced) component is motion that is due

to the ground stresses and motions caused by the initial stress

wave that results from energy coupled at the burst point. The

prediction procedure is based upon crater-volume scaling and

does not differentiate between upstream-airblast and crater-

related motions, therefore, upstream-airblast effects are not

predicted independently.

3.2.5.1 Prediction Procedure

The prediction of crater related

motions require first an estimate of the crater volume. The

procedures for predicting the crater volume are given in Re-

ferences 3 and 17. Once the crater volume has been determined,

the following equations may be used to calculate near surface

peak particle velocities and displacements:

/ -2

velocity: v C (.01)

e~
a V V4 / 3

displacement: d a
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where: v = velocity

R = range of interest

V = apparent crater volumea

Ce= effective wave velocity rtime of dire teaverange of interest
Ce =efciewvveoiytime of direct wave- arrival)

d = displacement

= attenuation coefficient from Fiqure 46.

The crater related waveform was pre-

dicted in a fashion similar to that shown in Reference 3, with

the modifications described below.

Figure 47 shows the waveform with

important parameters marked. The half cycle of the waveform

is calculated from the following equation:

V
2 /

3

50 (variables are as defined previously).p Ce  R

t t
p P

v2

t t2  t3  t4 t t)

Figure 47. Crater-Related Waveform
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The waveform is defined mathematically as follows: (Ref. 19)

Region Equation

t < t < t2  v = +v2 sin

t2 <t<t 3  2= -V Cos t-3_t2 1)

R lt-t 3+tl
t < t < t3  V =V sin 2- \t 4-t3 1)

v; [ H) 2 t-t4tl2

2= ki 0 (Lt5-tl)

tv= Il-sin 1- t6_t 5 ]I
- 6 T1 2 t6

Where the times are defined as:

t= time of arrival of direct wave

t2 = .1 tp + t

t = tp + t
3

t4 = .ltp + tI + tp

5 = IT(t 6 -t 4) + t4  +

t6 = 2 tp

The velocities v2 and v' are the peak velocity determined from2

the equation given previously and half of the peak velocity

respectively.
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3.2.5.2 Predictions vs Data

a) Waveforms

Waveform comparisons for the

12.5 m, 33.5 m, and the 50 m ranges are shown in Figures 48

through 50 (the compressive portion of the air-slap component

has been removed from the data on these comparisons). The

predictions for the 12.5 m range (Fig. 48) are consistently

low. In the vertical waveform this underprediction was almost

a factor of 4 and in the horizontal waveforms the underprediction

was a little greater than a factor of 2. The character of the

prediction is similar to the data. This is especially true

in the horizontal motions. At the 33.5 ii range (Fig. 49) the

vertical waveform is again underpredictea by about a factor of

4. The horizontal waveform on the other hand was overpredicted.

The character of the predicitons are somewhat different than

that seen in the data. At the 50 m ranges (Fig. 50) vertical

motions are still underpredicted and horizontal motions are

overpredicted.

b) Peaks

In discussing the peak upward

and outward crater-related motions in the data compared with

predictions, it is convenient to work in terms of scaled values.

Ranges and displacements are scaled by the cube root of the

measured crater volume and velocities are scaled by the effec-

tive wave velocity. Depths at which the measurements were made
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are classified in three regions. The first are those depths

less than 0.1V 1 / 3 secondly the region between .lV1 / 3 and
a

0.5Vo and finally depths greater than 0.5V / 3a. The reader

is reminded that the prediction procedure does not separate

the crater-related from the upstream-airblast effects.

Upward and outward velocities

are shown in Figure 51. Vertical velocities scatter about

the prediction line by about a factor of + 4. This is within

the accuracy published for this prediction in the AFDM. Attenu-

ation of the data appears to be fairly well described by the

predicted rate of R - 2 . Horizontal velocities were fairly well

predicted, and were within the factor of 4 accuracy, published

in the AFDM. Again it appears that the data is attenuating at
-2

the rate of R . The vertical data show a definite attenuation

with depth whereas the horizontal magnitudes appear independent

of depth. This could reflect the influence of the pore-air ex-

pansion on the near-surface vertical motions. The measurements

from the intermediate depths, which are below the effect of

the pore-air expansion, agree reasonably well with the predic-

tion.

Upward and outward displacements

for Z 0.1V1 /3 are shown in Figure 52. Vertical displacements

K were underpredicted by about a factor of 6. This is within

the scatter of displacement data published in the AFDM. The
-3

attenuation rate of the data appears to be about the R pre-

dicted. Horizontal displacements were also underpredicted,
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but not as much as the verticals. Again the predicted attenu-

ation rate appears to be reasonably accurate.

Upward and outward displace-

ments for 0.1V1/ 3 < Z < 0.5V1/ 3 are shown in Figure 53. On
a a

this plot are two prediction curves. The first is the curve for

the near-surface displacement and the second is the curve with

the coefficient determined from Figure 46. The vertical dis-

placements in this -egion appear to lie more on the near sur-

face displacement curve, althouqh the differences in the two

curves is not large. The predicted attenuation rate appears

to be accurate. The horizontal velocity also lies more on

the near-surface prediction curve than the lower curve with

attenuation rates of the data and prediction about the same.

Displacements for the greater

depths are shown in Figure 54. Again the near surface dis-

placement line is shown with the prediction curve for this

region. The vertical data lie generally below the near-surface

line and above the second line. Attenuation of the data is

about what was predicted. Horizontal displacements lie closer

to the near-surface line, but are generally bounded by the two

lines shown. It appears that the attenuation rates of the

data and predictions are about the same.

c) Evaluation

As the reader is aware by now,

the identification and prediction of crater related motion is
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a difficult if not impossible proposition. Recent studies

(Ref. 18) have shown that vertical motions, called crater

related in the past, have been identified in part, as motions

caused by the negative phase of the airblast. In addition,

separation of direct and upstream airblast-induced from crater-

induced has been difficult and even arbitrary. However, as

discussed earlier, the motions described and compared in this

chapter are those low frequency motions most often directed

upward. However, since theory of origin and some data has

been collected on the negative phase component, an attempt

has been made here to account for its effect on the upward

motions at each of the pertinent sites.

Figure 55 presents comparison

of vertical (upward) motions from tests similar in yield and

charge configuration to the Misers Bluff II-i Event. The

first observation that can be made on the vertical motion is

that a wide ranqe of particle velocities is present. The

sites showinq smallest upward motions are those with the small-

est air void contents near the surface.

The upward displacement from

these experiments are the subject of Fiqures 56 through 58.

Figure 56 shows the upward displacements for these experiments.

The trend is the same as was evidenced for the velocities but

even more pronounced. That is sites with the arlest air void
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contents had the largest upward displacements. Figure 57 is

a plot of air void and upward displacement data for these dif-

ferent sites. The displacement data is taken at the 24.4 m

range and depths ranged from 0.5 m to 1.5 m. The air void

data was taken at the depth of the measurement. Again the

trend is that the greater air void contents produce the largest

upward displacement. This same trend is seen in the displacement

time histories shown in Figure 58.

Horizontal velocities (Fig.

59) show a different story. The Misers Bluff data falls with-

in the small spread of data from past shots. Horizontal particle

velocities appear to show very little site dependence for the

surface tangent explosions.

Horizontal displacements are

not so simple (Fig. 60); however, and illustrate significant

site dependence. With the trend following an apparent de-

pendency upon craterability. Since the Misers Bluff crater

falls within the band of crater sizes from previous experi-

ments, the horizontal displacements fall within this band also.

In summary, horizontal crater-

related motions on Misers Bluff II-1 fall within expected trends

and the upward velocities and displacements form a bound to

previous data. These upward motions seem to be controlled by

the pore-air expansion phenomenon related to the neqative

phase effect of the airblast and the presence of the near sur-

face soft, porous silt layer at the site.
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3.2.6 Oscillatory Component of Ground Motion

The oscillatory component is defined for the

purposes of this report as the motion attributable to the head

wave and surface wave phenomena.

3.2.6.1 Prediction Procedure

The pretest prediction procedure

used for this component was the Higgins method used in Phase

I (Ref. 20). This method, which was based on 100T experiments

provided adequate prediction of magnitudes for the motion and

the -,eriods observed were reasonably close in the vertical mo-

tions. Horizontal periods were poorly predicted but the magni-

tudes were reasonably accurate.

Considerable work during the conduct of

this research has resulted in a new oscillatory component prediction

procedure which is based on a procedure developed by WES (Ref. 21).

This procedure has been endorsed by the DAWG as the state-of-the-

art technique. Since this WES procedure will be used in the wave-

form synthesis procedure it will be evaluated rather than the pro-

cedure used for the pretest predictions.

The main features of the WES procedure

include:

1) A uniform transition from crater

related motions close-in, to oscillatory ground roll in the far

field;

2) Frequency of far field motions are

determnn d on the basis of the shear wave profile and layer thick-

ne ss;
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3) Motion periods close-in are de-

pendent upon depth to water table.;

4) Yield scaling (NE=0.5HE) of maximum

particle velocities in all but the transition region, and in the

transition region velocities are dependent upon depth to rock;

5) Peak velocities for the horizontal

and vertical components are set equal.

In the upstream airblast dominated

region these are given by the equation:

/Rk)-2

V (mps) = 0.340 
R(km) \-2

max (Mt /_3

in the transition region the equation becomes:

10 .8 1/3

Vmax(mps) = 0.229 H.8)1

and in the final region the equation is:

V (mps) = 0.811 
R(km))

3/ 2

max (i~t 1/

Where; V = peak velocity, meters per second
max

R = range, kilometers

Mt = yield, megatons NE

iH = depth to rock, meters.

The waveforms are calculated from an exponentially damped

sine wave with a variable period. The general waveshape is

fit in intervals to match the first three velocity peaks and

the time occurrance of the peaks. Periods of the waveforms

in the far field (beyond the transition region, where the
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attenuation rate is R - 3 / 2 ) are calculated from the equation

(developed by Auld & Murphy):

2H
T -

where T = period, seconds

H = rock depth, meters

= depth weighted shear
wave velocity, meters per
second

3.2.6.2 Data vs Predictions

Comparisons of the prediction of

this component and data for some key locations on MBII-l are

shown in Figures 61 through 64. The airblast-related motion

has been deleted from the data on these figures.

Figure 61 shows this comparison

at the 25 m range. In general the prediction has too long

a period of oscillation, in the vertical waveform. Generally,

the magnitude of the prediction is reasonably close to the

data.

Comparisons at the 50 m range are

shown in Figure 62. The vertical waveform was somewhat under-

W predicted, out of phase and the periods are too long. The

horizontal waveform on the other hand appears to overpredict

the maqnitude -nd the timinq is incorrect.
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At 100 m (Fig. 63), the prediction

improves. Periods of oscillation in both the vertical and

horizontal are improved from the previous two comparisons.

The magnitudes of the waveforms were somewhat overpredicted,

however. At the 150 m range (Fig. 64) the vertical motion is

significantly overpredicted. Frequencies appear to be fairly

accurate at times later than 800 msec. Horizontal motions

are also overpredicted. Frequencies are about right, but the

data timing is shifted somewhat from the prediction.

3.2.6.3 Evaluation

In general, this procedure is an

improvement over past techniques, and is still under develop-

ment at WES. The main problem with this procedure is in the

close-in region. As distance from the source increases the

frequencies and maqnitudes improve, and the character of the

waveforms are similar to the data.

As mentioned previously, the site

layering (and material properties) is the controllinq variable

affecting the frequency of outrunning motions. Figure 65 dis-

plays in graphical form the layering characteristics of pre-

vious tests, showing the "void" filled by the Misers Bluff

Phase II testing. Table 3 provides the frequency summary of

these past tests. Some interpretation is required, of course,

to select a sin(ile representative frequency from each event,
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Table 3: Summary of Ground Roll
Frequencies for Misers
Bluff II-1 and Similarly
Configured Experiments

Test Event Ground Roll Frequency

Pre Dice Throw II-1,

11-2 2

Distant Plain 6 2

Misers Bluff 11-1 5

Pre Mine Throw IV-6 8,5

Middle Gust III 8

Middle Gust IV 7

Mine Ore 20
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however, these frequencies are believed to be qood to + 10?.

Note that the only hard rock site, MINE-SIHAPT and the NINE

ORE tests, provide the upper bound frequency, 15-17 Hz. The

low frequency bound is the PPE DICE TIIPOW II and DISTANT PLAIN

6 sites, those which have the lowest site shear wave velocity

profile.

Finally, Figure 66 is a plot of

vertical and horizontal velocities at the 400' ground range

and 0.5-1.5 meter depth for the HE surface tests. No data

is shown for the hard rock tests, PNI.E ORE and PIINERPL ROCK

because no quality shallow measurements were taken near 120

meters ground range. Measurements from both smaller and

greater ranges, as well as from greater depths form the basis

of the 15-17 hertz frequency attributed to ground roll at this

site.

Several observations may be made

concerning the data shown in the figure. Two of the tests

have relatively weak materials composinq the bulk of the

profiles from near-surface to depths greater than 80 m. These

tests, DISTANT PLAIN 6 and PRE DICE THROW 11-1, give the

smallest frequency for outrunning (2-3Hz). Misers Bluff II-1

has similar soil properties as DISTANT PLAIN 6 to about the

30 m depth. At this point the Misers Bluff stiffens relative

to the DISTANT PLAIN 6 material because of relatively shallow
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bedrock. The observation that the outrunning frequency is

higher at Misers Bluff than in DISTANT PLAIN (5Hz vs 2Hz) sug-

gests that the material at depths greater than 30 m play a role

in the determination of the frequency of outrunning motions

at ranges on the order of 120 m and beyond. Waveforms mea-

sured in MIDDLE GUST III and IV also support this observation.

While the shallow materials (<6m) at the two sites are consi-

derably different, the shales from 6 m and deeper are quite

similar in properties. The frequency of outrunninq motions

also appear nearly equivalent indicating the effect of deep

materials on the outrunning frequencies. The stiffest (and

strongest) of sites, MINE SHAFT, yields the highest frequency

of the oscillatory component (15Hz to 17Hz). Thus the spectrum

of frequencies varies from the 2-3 Hz at PRE DICE THROW and

DISTANT PLAIN sites, through the Misers Bluff II site (like

DISTANT PLAIN but with rock at approximately 30 m depth),

throuqh the PRE MINE THROW dry playa site (5-8Hz), to the 15-

17Hz at the MINE SHAFT site.

Since this signal has been identified

as a shear wave the material property most likely to correlate

with these observations would be a depth weighted shear-wave

ve loc i ty.
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3.2.7 Summary Observations of MBII-l Analysis

The purpose of MBII-l was to test the state-

of-the-art prediction procedures for the single burst case.

These procedures were extensively discussed on a component-

by-component basis in the previous sections. The net result

of this study is the recommendation of the following prediction

procedures for ground motion due to a single burst:

9 The vertical air slap component (for both

positive and neqative phases of the airblast) is well predicted

by 1-D finite differences codes such as PLID with a first order

model of pore-air expansion.

* The horizontal air slap component is es-

timated by modifyinq the compressive portion of the vertical

air-slap signal as recommended in the AFDM.

* Low frequency motions (crater-related,

upstream-induced, and oscillatory components) are reasonably

well determined by the WES prediction procedure.

3.3 MBII-2

3.3.1 Introduction

The multiple burst experiment of Phase II

consisted of six 120T AN/FO charqes. The confiquration of the

experiment was shown in Ficurcs 9 and 10.
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The approach taken in the development of

a Waveform Synthesis Model was, to use the sinqle burst event

to evaluate the theoretical and empirical state-of-the-art

prediction procedures. Data from the single burst experiment

would then be used to prepare superposition predictions for the

multiple burst environment. These superposition prediction

predictions would then be compared with data to determine where

the major multiple burst related nonlinearities occurred. Analysis

of the test data and supporting studies would then be used to

model these nonlinearities. These ana]ysis efforts woud ultimately

be meshed toqether to yield the Waveform Synthesis Model. The

single burst analysis was presented in the previous sections

d of this chapter. The multiple burst analysis and evaluation

of superposition will be discussed in the remaininq sections

ot this chapter.

1.3.2 Phenomenoloqv,

Fiqures 67 and 68 show the 0.5 m depth verti-

cal waivetorms measured on the main bisector and charqe line

radials inside the char(ie array of MBII-2.

In general, the waveforms from the array

center out to the 12.5 m range are characterized by a single

downward air-slap peak. This is followed by a rebound peak

and then crater-related and negative phase effects. As was

tli ci in tihe MB 1-1 data, it is felt that the negative

phase effect is dominati nq this upward motion. The upward
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motion is terminated by a small tertiary compressive phase

in the airblast waveform, which initiates a downward motion.

This downward motion continues until the upper material rejoins

the lower material which abruptly reverses the motion at approxi-

mately 800 msec. This closure is brought about by a wave propaga-

ting upward from the deeper materials. This upward propagating

wave is of sufficient magnitude to force the near-surface material

into another separation (this wave in the deeper materials will

be discussed later in this section). This material then free

falls until a second rejoin occurs.

The motion of the waveforms beyond 12.5 m

is similar to that seen in the first group. The main dif-

ference is the well defined multiple arrivals of the air-slap

components from the different charges in the array. Again

negative phase effects appear to dominate the low frequency

motion.

The matching horizontal velocites are shown

in Figures 69 and 70.

Motion is initialized by the air slap. Fol-

lowing the air slap there is a small crater-related pulse and

motion returns to essentially zero. This time frame corresponds

to the time of the airblast negative phase observed in the ver-

tical motions. At ranges less than 6 m from the array center,

a relative large outward signal is then seen. Motion is then

completed with small magnitude oscillatory motiOns.
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Beyond 6 m a similar air slap portion is

observed, but in the time frame of the negative phase effect

in the verticals (at approximately 150 msec) there is a strong

outward (from the center) motion. The strong outward motion

may be the result of the direct induced signal reflecting from

the array center. This type of phenomenology would result in

motion away from the center in the proper time frame. The out-

ward signal is seen in both bisector and charge line at the 12.5 m

and 25 m ranges. At the 50 m range the signal (at approximately

200 msec) is opposite in direction to the signal at the 12.5 m

and 25 m ranges. This may be due to the attenuation of the re-

flected wave coupled with the fact that the closest charge is

starting to dominate the waveform in the crater-related time domain.

In other words at this range the effects from other charges are

"riding along" on the crater-related signal of the closest charge.

This would account for the direction reversal. Following this

outward motion is the inward motion from small secondary com-

pressive phases occurring in the airblast at approximately 400 msec.

Finally an oscillatory motion completes the waveform.

Figures 71 and 72 show the variation in the

waveforms with depth at a range of 25 m on a charge line. The

phenomenolo(ly observed in these waveforms is reasonably straight-

forward. Motions near surface have already been discussed.
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Motions at the greater depths are initialized by airblast in-

duced motions from above as well as upstream effects traveling

in the soil. Following these initial motions, the oscillatory

component begins. This oscillatory motion is interrupted by

an uncharacteristically sharp and large magnitude upward and in-

ward (toward the array center) signal at approximately 800

msec. Following this signal the oscillatory motion continues

and complete the waveform

The signal at 800 msec can be trac-d from

the greater depths up to the surface at most locations inside

the charge array. Due to the widespread presence of this sig-

nal and its large magnitude, a study of its behavior was per-

formed to determine if it was peculiar to this particular

site geology and experiment geometry or if it was a more gen-

eral mutliburst effect which might be expected for a full-scale

site. For purposes of study, two readily identifiable quan-

tities were identified. These quantities were peak-to-peak

particle velocity and the time-of-peak. Graphical definition

of these quantities are shown on Figure 73. Since the presence

of the signal is most dramatic on the waveforms measured at

the 9 in, 12.5 m, and 25 m depths the following discussion will

be limited to these depths.

Figure 74 presents the time-of-peak versus

azimuth and range at the 12.5 m depth (this depth was chosen

because it was the best instrumented of the three depths of

interest ). This figjure shows trlat thore is no anarent timinq
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dependence on azimuth and that the signal is traveling toward

the array center.

Time-of-peak versus depth for various ranges

are shown in Figure 75. This figure illustrates that the sig-

nal is propagating upward and that the apparent upward propa-

gation velocity is decreasing as the array center is approached.

This appears to be due to the signal in the lower more com-

petent material "outrunning" the signal in the less competent

shallower material.

Figures 76 and 77 illustrate the behavior of

the time-of-peak versus range for vertical and horizontal

motions. At the 25 m depth the apparent inward propagation

velocity is approximately 1250 mps toward the array center.

At the 9 and 12.5 m depth the apparent inward propagation ve-

locities are 400 mps to 600 mps. The horizontal velocity data

shown in Figure 77 generally exhibit the behavior shown by the

second group described above.

A summary of the timing behavior of this signal

is:

* there is no azimuthal variation;

a the signal is propagating upward toward
the surface; and

* the signal is propagating inward toward
the array center.
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The behavior of the peak-to-peak maqnitudes

of this signal f:)r vertical and horizontal velocities are shown

in Figures 78 and 79, respectively. The vertical motion in-

creases in magnitude as the array center and the ground surface

is approached. This increase is more dramatic at the shallower

depths. The horizontal data show more scatter but also in-

crease as the array center and qround surface is approached.

This increase in magnitude toward the array center may indicate

a convergent effect due to the test geometry.

Another observation concerning the behavior

of this signal is illustrated by Figures 80 and 81. These

waveforms show a relatively stronq -lq slope through the signal.

This -ig slope and the waveform are indicative of a material

which has spalled. This -1(g slope is felt to imply a layer

separation somewhere below this depth.

There are two major pieces of evidence which

support the theory of layer separation. The first, comes from

the site profile (Fig. 5) for this experiment. At a depth of

approximately 26 m is a p1-wave velocity interface. This is

indicative of a change in material and a potential plane of

weakness. The second piece of evidence is shown on Figure 82.

This t io(ure shows that the motion below the interface (48.5m)

is similar in magnitude and character, but opposite in direction

to the mot ion above the interface.
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The mechanism responsible for this siqnal is

believed to be the addition of Rayleiqh waves from the indi-

vidual chanqes. The supportive evidence for this theory is

the fact that in the preparation of the superposition wave-

forms for these depths, the Rayleiqh wave motions from the

individual char'ies were near exact in phasinq. This was pro-

ducinq relatively large late time motions at approximately

600 msec. When the timinq of the superposition waveform were

corrected for the differinq rock elevations between MBIT-1

and MBI-2 (See Soc. 3. .3.3 for discussion of this correction),

this relatively larqe maqnitude Ravlei(Th motion was moved

to the 800 msec time frame. The character of the superimposed

motions are not as sharp as the MBII-2, but there is no way

to predict the effect of separation on the waveforms. The

maqnitude of the superimposed siqnal was somewhat lower than

that seen in the data which may indicate a nonlinearity in

the addition of these low frequency motions, or the effect of

the material separation upon the maqnitudes. (Theoretical dis-

cussion of converclent Rayleiqh Waves may be found in Ref. 22).

3. . 3 Ai rblaSt Results

The .irbilist environment for the multiple burst

experiment w.is pro') ict,'d with the low Altitude Multiple Burst

Model (1 AM!1, R 2. Q) dove lopd at the Air Force Weapons lJabora-

toiv . [A:B mo IIs kh, , non I ilnl,, I chlxiracteristics of the

atmosphere combinino overpressures of multiple nuclear

107



bursts. Although LAMB was developed for predicting nuclear

events, it was felt to provide a reasonable prediction for

the HE Misers Bluff event, if the rule-of-thumb assumption

is made that HE is twice as effective as NE in producing air-

blast. (This is generally accepted practice below the 2.0 MPa

overpressure level.)

Peak pressures from MBII-I, MBII-2, and LAMB

are shown in Figure 83. The peak pressure in the multiple

burst experiment is a maximum at the array center and decreases

to a minimum at the 25 m range. At ranges greater than 25 m

the peak pressure begins to increase in magnitude again as the

nearest single charge begins to dominate. Outside the charge

array, peak pressures attenuate similar to the single burst

experiment. The LAMB predictions are low near the array center,

ranging from about a factor of 6 at the center to a factor of

2 at a range of 12.5 m. Beyond this range the LAMB prediction

is reasonably good both inside and outside the charge array.

Although LAMB is low near the center, the character of the

prediction is similar to the data and in both the data and LAMB

there seems to be little difference in peak pressure between

the bisector and the chare line. Reasons for the failure of

LAMB and empirical fixes to LAMB have been discussed extensively

by others (e.g., Refs. 24 and 25).
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Peak overpressure impulse vs range is shown

in Figure 84. The behavior here is somewhat different than

the peak pressures in that there are more distinct differ-

ences in the charqe line and bisector, especially as the charge

is approached. The bisector, however, is similar to the peak

pressure. It is maximum at the center, decays to a minimum

at about a ranqe of 25 m and increases again as the charge is

approached. Generally there is very little difference in the

charge line and the bisector from the array center to the 25 m

-inqe. Outside the charge array the bisector and charge line

values tend to converge at about the 160 m range. The pre-

diction of impulse from LAMB was considerably better than

the peak pressure predictions, consistent with the observation

that the pressure wave shape predictions were good, except

that only the hiqh frequency peak pressures were not accurately

reproduced. Aoa in there was sliqht underprediction near the

center, but the factor was only about 1.4 (as compared with 6

for the pr'ssure) . At greater distances from the center, the

prediction fell within the data scatter. The difference be-

tween the peaks measured on the charge line and the bisector

within about 70 m of the charge is not mirrored in the predic-

ti on.

3. .4 Ground Motion

The superposition assumption will be evaluated

in the following sections on a component-by-component basis.
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The superposition waveforms from which the following con-

clusions are based are included in Appendix A. The frequency

domain data comparisons are included in Appendix B. The super-

position waveforms were determined by the addition of the

properly time phased measured single burst effects. The

details involved in the production of these waveforms are

described in Reference 4.

3.3.4.1 Air-Slap Component of Ground

Motion

a) Peaks

Naturally, the airblast wave-

form measured in the multiple burst environment is somewhat

more complicated than the single burst airblast. The multiple

shock passages create multiple peaks as well as complex, late-

time negative phases. The airblast-induced particle velocities

necessarily mirror these complications. To effectively dis-

cuss these complexities, the compressive air slap portion of

the motion will be divided into the particle velocity changes

associated with the first three major compressive phases in

the airblast.

I IFigure 85 shows the change in

vertical velocity associated with the passaqe of the first

major compressive phase. Close to the center of the charge
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array, superposition underpredicts by about a factor of 4.

This underprediction is due to the nonlinear interaction of

the overhead airblast. The superposition prediction improves

'is distance from the center is increased. The underprediction

varies from about 2.5 at the 12.5 m range to about 1.2 near

the charge. Outside the charge array, the prediction is

fairly accurate. The underprediction is a max:imum of about

1.3. This improvement of the prediction as distance from the

center increases should be expected as the phenomenoloqv is be-

cominq dominated more and more by the nearest sinale charoo. In

.ieneral the charqe line target points were better predicted

than those on the bisector. This is due to the fact that the

bisector is a plane of symmetric interaction of the airblast

from two charoes. These interactions are nonlinear in nature

and therefore, linear superposition of the ground motion effects

caused by the sinole burst airblast should not be expected to

be accurate. The charn]e line, however, is generally dominated

(at rancies -25m) by the effects of the nearest sinqle charqe

and, therefore, superposition is a fairly accurate representa-

t ion. Outside the array: the motion aqain is much like sinqle

burst phenomenololy as the shocks are diverqent and, therefore,

,irbiast interactions are not as significant.

.'iqure 86 shows the second and

third changes in velocity associated with the second and third

ma or Comp rt, ssu re phases i n tihe ai rblast. General ly superposi-

t ion underpredicts these peaks to a ktreater de(Iree than the
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first peak. The first possible explanation for the relatively

large secondary and tertiary peaks that was explored was, that

since they occur when the material was in a dilated state

(due to the negative phase of the airblast from the closest

charge), small changes in pressure would result in relatively

large changes in velocities. A study of the data showed that

the scatter and attenuation of the first, second and third

charges in pressure vs the respective changes in velocity

were essentially the same. The behavior is now thought to be

related to the changing material properties at the two sites.

MBII-l was conducted where th2 near-surface highly compressible

silt was of maximum depth at the charge and tapered up to a

depth of less than 0.5 m at the 100 m range. Interior to the

charge array on MBII-2 the silt layer was greater than 0.5 m

in depth. Therefore, superposition predictions which required

data from ranges greater than 100 m reflect the behavior of

the sand rather than the silt. Since the silt is more compres-

sible than the sand, it should show higher velocities as in

the MBTI-2 waveforms.

Figure 87 shows the first and

second air slap peaks for the horizontal velocities. Scatter

for the first peaks are fairly larqe and superposition is gen-

,r l-ji within the scatter both inside and outside the array.

. r peaks were also qenerally within the data scatter
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although secondary peaks in superposition were difficult to

isolate, possibly for reasons postulated above for the verti-

cals (i.e., secondary air slap peaks in superposition waveforms

were measured in the sand rather than the silt).

Upwara velocity peaks are com-

pared in Figure 88. These peaks are due to the negative phase

(airblast) effect plus upstream and convergent effects. The

peak value of this portion of the air slap component was gen-

erally predicted within a factor of 2. The tendency of super-

position appears to be one of underprediction. In terms of

peak velocities, superposition appears to be reasonably accurate.

Upward displacement peaks asso-

ciated with the upward velocity discussed above are also shown

in Fi gure 88. The tendency is for underprediction. Generally

this underprediction is a factor of 3 or less. The fact that

displacements are more poorly predicted than the velocities

is an indication that the duration of the upward velocity is

somewhat longler in the data than in superposition. The dura-

tion may in fact be the only factor in which the multiple burst

nelative phase airblast is enhanced.

b) Wave forms

Waveform comparisons of the ai r-

slap component t-or selected locations are shown in Fiqures 89

and 90. The vertical waveforms shown in r.iouye 89 illustrate

what was discrl,;sed about the peaks earl ier, i.e., undorpr edic-

t clause t t he, r 'IaV ce(n t- and inde Ir ed i Ct ion if the
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secondary compressive phases at all ranges. The duration of

the upward velocity pulses are somewhat longer in the data

while peak values are roughly the same. Comparisons of the

horizontal waveforms (Fig. 90) bear out what was said con-

cerning peak values. From the waveform at 188 m it can be

seen that secondary arrivals of the compressive phases also

have a larger effect than is predicted by superposition. It

is also seen that in the time frame of negative phase effects

in the vertical motions, the horizontal motions are not signi-

ficantly affected (this can be seen by comparing Figs. 89 and

90). The horizontal motions appears to be more controlled by

upstream effects than by the negative phase of the airblast.

c) Evaluation

The vertical downward air-slap

velocities were most poorly predicted near the center and su-

perposition as a predictive model improved substantially as

range from the center increased. The tendency of superposition

was to underpredict by a factor of 2.5 to 4 near the center.

This is the result of nonlinear interaction of the overhead

airblast. The upward portion of this signal was predicted

more accurately than the downward because the single burst

waveforms experienced dilation or spall beyond 100 m. As

distance from the center increased, superposition under-

predicted bv ,1 f.w-tor of 2. Although ma(nitudes of
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velocities were predicted accurately, displacements of this

upward motion were substantially underpredicted by superposition

(as much as a factor of 5 but generally 3 or less).

The magnitude of this under-

prediction could be reduced if the free fall seen in the single

burst data is maintained after the amplitude modification. An

example of this is the superposition prediction at the array

center. The magnitude of the waveform was multiplied by 6.

This produced a -6g downward acceleration where the material

should be in free fall. If this -6g acceleration is cor-

rected to a -lg acceleration, the duration is increased, and

thus the upward displacement. The major problem associated

with this correction is that the criteria for rejoin of the

material (termination of the -lg acceleration) is not straiqht

forward. Therefore, no qeneral rules can be given for this

correction procedure. Each case must be handled on an indi-

vidual basis and the judgement of the predictor plays a major

role in the procedure.

Horizontal velocities were gen-

erally predicted within the data scatter as far as the com-

pressive phase of the airblast. Horizontal velocities do not

seem to exhibit a large effect of the negative phase airblast.
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Superposition did not predict

the effects of the secondary airbiast peaks as well as the

initial arrival. The reason for this is believed to be the

result of the variable thickness silt and, therefore, should

not be factored into the prediction procedure.

3.3.4.2 Crater Related Component

As discussed previously, airblast

negative phase effects (pore air expansion) appear to dominate

the vertical velocity waveform in the time frame of crater

related effects. This makes it virtually impossible to study

the crater-related component in the vertical waveforms. Ho0w-

ever, pore-air expansion does not appear to have a large effect

on horizontal waveforms. Consequently, only horizontal motions

will be included in the study of crater-related effects.

a) Peaks

Magnitudes of the horizontal

crater-related velocity component arc- shown in Figure 91. Ratios of

data to superposition are plotted vs range from the center.

As can be seen the tendency was for superposition to under-

predict, although this underprediction was never more than a

factor of 3.
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b) Waveforms

Crater related, timing and

character were also predicted within reasonable limits as

illustrated in Figure 92 for the 50 m range and 3 m depth.

Circled is the crater related component. Other waveform

comparisons are contained in Appendix A.

c) Evaluation

The crater-related signal, as

was mentioned for MBII-l, is a difficult signal to isolate.

What is called crater-related is most likely a combination of

upstream effects including upstream airblast, crater-induced,

direct-induced, and airblast negative phase effects. The

crater-related component appears to be predicted within a

factor of 3 in maqnitide by superposition and the character

of the waveform is similar. Although this error is not con-

sidered to be unsatisfactory with reqard to the inherent single

burst crater-related data scatter it is felt that the uncer-

tainty involved in the understandinq of this component is

more critical. This uncertainty stems from the fact that this

component is a combination of effects, as mentioned above,

which are the result of different types of phenomenology.

Until the relative effects of these different inputs are un-

derstood there will be larqe uncertainty. This signal is

discussed further in Section 3.3.3.5.
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3.3.4.3 Oscillatory Component

The isolation of the oscillatory

component was somewhat difficult for the MBII-2 experiment.

The near surface waveforms (0.5-3m) were all dominated by the

airblast effects. This left the waveforms at the greater depths

for a comparison of superposition and data. Unfortunately,

these waveforms are somewhat complex and not easy to dissect.

The oscillatory component is made up of a headwave component

traveling at the compressional wave speed of the layer of

interest and a Rayleigh wave component traveling at approxi-

mately the shear wave speed of the layer. Since the peak

oscillatory component motion is caused by the Rayleigh wave

this is the motion compared in this section. The time frame

of this motion was identified by calculating the time of ar-

rival of a wave traveling at the shear wave speed of the ma-

terial. Shown on Figure 93 is a typical waveform showing the

parameters discussed in this section.

a) Peaks

Figure 94 shows the comparison

of the ratios of peak-to-peak velocities. This figure in-

cludes both horizontal and vertical motions. It appears that

the horizontal motions were better predicted by superposition,

than the verticals were. The horizontals were predicted with-

in a factor of + 2.5 (+ is overprediction, - is underprediction)
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with the majority being within a factor of + 1.5. In general,

the horizontal motions were overpredicted rather than under-

predicted. Vertical motions experienced a somewhat larger

variation of approximately + 3, but the majority of points

are within factors of + 2. There appears to be no systematic

trend of either under or overprediction in the vertical motions.

b) Waveforms

The reader is directed to

the waveforms presented in Appendix A. Figure A.1 is typical

of all the near surface waveforms in that there are negligible

oscillatory motions. At greater depths (9m-25m) the waveforms

become more oscillatory in nature. Two observations are made

concerning the waveforms at these depths. The first and most

obvious is the signal at approxiamtely 800 msec. The second

is a phasing problem between the superposition and the data.

The cause of the 800 msec signal

was postulated in an earlier section. The phasing problem is

believed to be (to a large extent) due to the nonuniform ele-

vation of the top of bedrock between the two experiments of

Phase II. (The reader is referred to the plot of the bedrock

.1 elevation - Fig. 3.) Work done by Auld and Murphy (Ref.

26 & 27) suggests that fundamental mode frequency (and periods)

of the late time oscillatory motion is governed by the

weighted average shear wave velocity of the soil above the

*" rock (() and the depth to bedrock (H) as follows:
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f=VM/2. From this equation it is observed that deeper rock

yields lower frequencies. The waveforms in Appendix A show

that the superposition predictions are of higher frequency

than in the data. The average rock elevation in the single

burst experiment (data from which the superposition predic-

tions were produced) was 43 m below the surface while at the

Event 2 site had bedrock at an average elevation of 63 m. If

shear velocities are assumed to be equal at the two sitas;

then the equation above may be solved for a time scaling fac-

tor due to the differing rock elevations. The result of scal-

ing the superposition waveform by this factor is shown in

Figure 95. The timing of the low frequency oscillatory mo-

tions are substantially improved. This time scaling placed

a relatively large amplitude signal in the same time frame as

the 800 msec signal in the data. This signal was produced in

the superposition process because of near exact phasing of

the low frequency motions in the single burst waveforms.

This suggests that the large 800 msec signal is due to the

additive effect of Rayleigh waves. The tensile weakness, and

impedance mismatch at %26 m results in layer separation as a

result of the passage of this large signal. This failure

would result in the rather dramatic velocity signals seen in

the data above this depth.

c) Evaluation

The oscillatory component of

ground motion is fairly well predicted by superposition. The

:4 192
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vertical and horizontal motions were generally within factors

of + 3. The phasing problems seen between the data and super-

position are primarily governed by the differing rock elevations.

It is felt that superposition is a good estimate of the multi-

ple burst environment for the oscillatory component magnitudes.

The frequencies of the oscillatory component will be qoverned

by the depth to rock and shear velocities of the material above

the rock.

3.3.4.4 Multiple Burst Nonlinear Effects

As has been discussed, the largest

area of nonlinear behavior was near the center of the charge

array. The component most affected was the vertical air-slap

component (both compressive and negative phases).

The reasons for this nonlinear

behavior in the compressive phase portion of the air slap is

the shock-on-shock interactions which are the result of the

nonlinear nature of the equation-of-state of the air. As

pointed out before this problem is beinq worked on by others

and given the correct compressive portion of the airblast the

air-slap qrourd motion component can be fairly accurately pre-

dicted.

The nonlinear behavior of the air-

slap component in the time domain of the negative phase is

shown in Fiqure 96. The nonlinearity (data vs sumnrposition)

beqins at approximately 40 m from the array center and increases
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toward center. This behavior is due to the pore air expansion

related to the airblast negative phise as well as the convergent

nature of the geometry.

The pore-air expansion concept was

discussed in preceeding sections as it applied to the single

burst experiment. The enhancement of negative pressure in

the multiple burst experiment as compared to the negative

pressures measured in the single burst experiment is shown

in Figure 97. The multiple burst negative pressures are "great-

er" than in the single burst, but in most cases superposition

of negative pressures from single burst experiment would yield

approximately the same results as seen in the multiburst ex-

periment. This is mainly due to the fact that there is a

limitation of 1 atmosphere on the negative pressure and there-

fore, nonlinear interaction of the air can produce no more than

this amount of underpressure. Figure 98 shows the timing cor-

relation between the positive and negative phases of the air-

blast along with the arrival time of the large upward signal

in the velocity. This shows that the velocity and the negative

phase arrival times parallel one another and indicates the direct

involvement of the negative phase of the airblast in this up-

ward peak.

PLID calculations with the measured

overpressures and the pore-air model were performed to determine
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if this effect alone produced results comparable with the

data. The comparison of the data and calculations are shown

in Figures 99 through 110.

Figure 99 shows the comparison of

the pore-air model calculations and the MBII-2 data near the

array center at the 0.5 m depth. The character of the calcu-

lated waveform is very similar to that seen in the data and

magnitudes are within a factor of 1.5. The timing and mag-

nitude differences seen are felt to be due to the fact that

the calculation was made at the exact center point, while the

data was 0.5 m off the center.

Fiqures 100 and 101 are the compari-

sons of the calculations and data at the 25 m ranqe, 0.5 m

depth on the bisector and charqe lines respectively. On the

bisector the initial compressive downward air slap is within

the scatter of the data. Secondary and tertiary compressive

air slap peaks are somewhat undercalculated. The upward motion

is slightly overcalculated while the durations of the calcula-

tion and the data are almost the same. On the charge line the

compressive portion of the air slap is undercalculated while

the upward motion is aqain sliqhtly overcalculated. Duration

of the pore-air siqnal is calculated to be somewhat shorter

than the data indicates.
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Figures 102 through 104 show com-

parisons for the 50 m range on a bisector to a depth of 3 m.

This is the first range at which there was useable data with

which to evaluate the calculations to these depths. Figure

102 shows the 0.5 m depth comparisons. The comments made

for previous comparisons appear to apply for this comparison.

Figure 103 shows the comparison made at the 1.5 m depth. Gen-

erally, the character of the calculated waveform is very similar

to the data. The compressive downward air slap is undercal-

culated by a factor of approximately 1.6. Upward motions were

undercalculated by a factor of approximately 1.4. Figure 104

is the comparison at the 3 m depth. For this depth the cal-

culation is overpredicting the downward air slap by a factor

of 1.4. The data then shows a cycle of motion not seen in

the calculation. This motion is the direct waves from the

two closest charqes and obviously not included in the 1-D

calculation. The pore air expansion begins at approximately

400 msec in the calculation. The data at this point also

starts a turn upward. At the end of the calculation (500 msec)

both the data and the calculation were approximately equal in

maqnitude.

Comparisons for the 50 m range on

the charqe line are shown in Fiqures 105 through 107. At the

0.5 m depth the initial air slap is fairly well calculated, but

the succeedinq air slap peaks are undercalculated by as much
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as a factor of 7.5. The upward portion of the signal has

somewhat the same character as the data but the duration is

undercalculated. The 1.5 m depth comparisons (Fig. 106) are

better but the secondary air slap is still undercalculated.

In the upward portion of the signal the data is greater in

magnitude than the calculation, but the calculation is very

similar in character. The 3 m depth comparisons are shown in

Figure 107. The calculation at this depth overestimates the

first compressive air slap and is within the data scatter on

the second peak. The initial upward motion is undercalculated

and not the same character as the data. Between 200 msec and

400 msec the calculated motion is essentially zero. During

this time, the data has one cycle of fairly large magnitude

motion. This is the crater-related motion from the closest

charge. Finally at about 400 msec, the pore-air expansion effect

begins in the calculation. At approximately the same time the

data also begirs an upward motion. At the end of the calcula-

tion (500 msec) the data is somewhat lower than the calculated

value.

Figures 108 through 110 show the

comparisons made for the location directly between two charges.

At the 0.5 m and 1.5 m depths the air slap portion (due to the

compressive phase of the airblast) of the waveform is well
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calculated. The upward portion (due to the negative phase of

the airblast) is well calculated in magnitude, but the charac-

ter of the data is somewhat different than the calculation.

The 3 m depth comparison (Fig. 110) shows that the air slap

is overcalculated in magnitude. The upward motion seen in

the calculation is different than that seen in the data. The

calculated waveform is generally too large in magnitude and

too short in duration.

From these comparisons it would

appear, that at least in the near surface silt, the ground mo-

tion is well calculated by PLID with the pore-air model. How-

ever, at the greater depths (Fig. 104 and 107) the calculation

beqan to miss a rather significant signal, not attributable

to one-dimensional effects. It is also interesting to note

that at the location between two chaiges (Fig. 110) this signal

was not seen. The fact that this signal is a result from two-

dimensional effects is illustrated on Figure 111. As can be

seen; the horizontal motion is experiencing a relatively large

frame as the upward signal appears in the data. This signal

is the direct wave from the nearest charge and is travelling

at the p-wave speed of the sand between the silt and the sat-

ur.ation zone (see the site profile, Fig. 6). It is also pointed

out that there is a relatively strong -lq slope on the vertical

wav(,form. This spall is not the direct result of the pore air
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effect at this depth. This spall results from the tensile

failure of the material due to compressive waves striking a

free surface and reflecting as tensile waves combined with

the reduction of the overburden stresses due to the lofting

of the upper material by the pore-air expansion mechanism.

Figure 112 compares the peak values

of this direct wave at the 3 m depth and shows that there is

very little attenuation of tois peak as the array center is

approached. Also shown on this figure is the superposition

predictions of this same peak. Although the data is limited

the superposition is low at all locations. Superposition is

generally most accurate for both the horizontal and vertical

velocities at the 50 m range and progressively deteriorates

as the array center is approached.

This fiqures shows that there is

essentially no attenuation of this direct-induced motion and

is underpredicted by superposition. It is felt that this

effect is the result of the converqent nature of the geometry.

Fi(ure 113 shows the airblast and

stress waveforms measured near the array center of MBTI-2.

Included on these figures :ire the linearly superimposed wave-

forms from MBII-l experiment. The air pressure in MBII-2

was higher (as would be expected) than MBTI-l. Linear super-

position results in a factor of 5 difference. Includinq the
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reflection factors reduces the difference in the peak airblast

values to a factor of 1.4. The stress waveform at the same

location for linear superposition shows a peak stress that

is a factor of 33 less than the MBII-2 data. If reflection

factors are considered, the factor reduces to 9.4. The con-

clusion drawn from this figure is that the differences in

stress cannot be explained only by the differences in the over-

head airblast. This increase in stress over superposition and

the nonlinear interaction of the air is believed to be attri-

butable to wave convergence. The stress data available to

fully evaluate this idea (i.e., to observe airblast and stress

behavior at several locations as the center is approached) is

nonexistent for these tests.

These observations are felt to provide evi-

dence that wave convergence does exist and can be an important

effect. This effect coupled with the pore-air effect acting

on the material above can significantly increase the depth

extent of spall.

3.3.5 Results of MBII-2 Analysis

The results of the MBII-2 data analysis may be

summarized as follows:

* Superposition fails in the airblast re-

lated portion of the signal in the near-surface region. This
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is not considered a problem because, as was shown, this com-

ponent can be fairly accurately calculated;

9 The pore-air model used in the calcula-

tion of MBIrI-2 compares favorably with data in the near surface

region;

*Superposition appears to be accurate for

the "late time" low frequency (Rayleigh) motions in the near

surface as well as the deeper materials. The early time low

frequency (direct wave) motion at locations interior to the

array at the 3 m depth, do not appear to attenuate as

the array center is approached. This reduces the accuracy

of the superposition prediction near the array center, and

supports the theory of wave convergence;

* The relationship derived by others con-

cerning the effect of bedrock upon low frequency motions is

verified by the results of Misers Bluff;

* The 800 msec signal is thought to be the re-

sult of near exact phasinq of Rayleigh waves at late times and a

weakness plane at the k 26 m depth. The amplitudes of this signal

show little attenuation (and in some instances increase) as

the array center is approached which provide additional

support for the theory of wave convergence;
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* The convergence effect appears to exhibit

itself in the direct induced motion at the 3 m depth and in

the 800 msec signal at the 9m-12.5m depths. The behavior is

not shown as a dramatic increase in measured particle velocities

as the array center is approached as would be expected, but

rather, there is no attenuation in peak motions;

The effect of these observations on the Wave-

form Synthesis Model will be discussed in the next chapter.
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4. Recommended Prediction Procedures

The preceding sections of this report have been con-

cerned with the analysis of the data recorded in Misers

Bluff Phase II. This included evaluation of various pre-

diction procedures used pretest and posttest. The culmina-

tion of the study and evaluation of these procedures is a

Waveforms Synthesis Model (WSM) for predicting multiple burst

ground motions.

4.1 Air-Slap Component

4.1.1 Single Burst

Near surface vertical single burst air

slap motions were well calculated by the PLID 1-D finite

difference model. This is especially true of the compressive

phase. In the airblast negative phase the pore-air expansion

model provides a substantial improvement over the past pro-

cedures. The main problem is in determining the correct

(realistic) material properties that reflect the in-situ pro-

perties of the site.

For the horizontal air-slap signal the AFDM

procedure is the best available at this time. This procedure

should be used only for the compressive portion of the airblast

as the neqative phase appears to be primarily a vertical effect.

This procedure does not account for the airblast induced shear
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wave seen in data. This shear wave clips the horizontal

air slap and shortens the duration of the outward pulse.

Thus the prediction should produce somewhat higher magnitudes

and longer pulse durations than what will actually occur.

This will result in design conservative estimates of the

horizontal air slap induced ground motion in the single burst

environment.

4.1.2 Multiple Burst

The vertical near surface multiple burst air

slap motion can be calculated in the same manner using the

multiple burst airblast as the driver.

The horizontal air slap is handled in a

slightly different way. The approach used is basically the

same as in the sinqle burst, but due to the directionality

of the horizontal motions in the multiple burst environment,

each burst must be handled individually and then superimposed

to form the complete waveform. To account for the airblast

nonlinearities a reflection factor is calculated. This factor

is the ratio of the peak overpressure calculated for the ver-

tical motions (from LAMB) to the peak overpressure calculated

by superposition (as described above). This is only a "first

cut" approach at this point and a more refined technique will

be developed in the near future.
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4.2 Crater-Related and Oscillatory Components

4.2.1 Single Burst

The recommended procedure for the prediction

of these components is the WES procedure discussed in previous

sections. This procedure appears to provide adequate pre-

diction of frequencies but shows a tendency to overpredict

magnitudes. Another observation about this procedure is

that the first cycle of motion (which close to a charge is

the crater-related portion of the signal) is down and out.

This is contrary not only to Misers Bluff but to the rest

of the data base. This indicates that a modification to the

procedure may be in order. The remainder of the signal is

adequate.

4.2.2 Multiple Burst

The recommended procedure is to determine

the low frequency motion due to a single burst and use linear

superposition to obtain the multiple burst ground motion. Super-

position is an adequate technique for the low frequency motion

outside the charge array and for the oscillatory component

inside the array. Study of the limited amount of data avail-

able (Section 3.3.4.5) suggests that the crater-related com-

ponent may not attenuate inside the inner half of the charge

array. This nonlinear behavior is treated by the Waveform

Synthesis Model with an empirical developed algorithm.
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4.3 Waveforms Synthesis Model (WSM)

The WSM is a compilation of computer codes for

applying the procedures discussed above to the prediction of

waveforms from multiple explosions. The WSM contains six

basic elements. They are:

* A statistical package which allows Monte Carlo

treatment of the uncertainties in CEP, height of burst, and

time on target,

o An air slap induced prediction procedure which

uses the LAMB (Ref. 22) to predict the multiburst air r-es-

sure waveforms at points of interest and a one-dimensional

finite difference code (PLID) which includes the pore air

expansion model, to calculate the air slap induced vertical

ground motions.

o The Waterways Experiment Station low frequency

prediction procedure which yields empirical predictions of the

crater-related and surface wave effects based on a compilation

of hiqh explosive and nuclear data.

9 A routine for calculating the proper time phas-

ing and geometrical relationships of the contribution of

each single burst to the horizontal air slap motions at desig-

nated target points, modifying the magnitudes by reflection

factors, and combininq these effects,
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e Algorithms for adjusting the linear combinations
of low frequency motions to account for the nonlinearities.

o An input/output routine to provide plots and

listings of pertinent data.

A generalized flow diagram for the WSM is shown in Figure 114.

This program has evolved over the last two years.

Previous versions contained different methods of predicting

both the air slap and low frequency effects. The current

version represents the state-of-the-art procedures discussed

above. The algorithms for treating the nonlinearities re-

Present the greatest uncertainty in the procedure although

it should be emphasized that uncertainties in single burst

predictions are inherent in this procedure.

Figures 115 through 123 show comparisons of the WSM

with some Misers Bluff single burst and multiple burst data.

The measured overpressures from MBII-l and MBII-2 were used

to generate the WSM waveforms. This was done because our

concern was to determine the accuracy of the WSM in calculation

of ground motion. These figures show that in the vertical

motions the WSM is reasonably accurate. This is true of

both the sinqle and multiple burst environment. The horizon-

tal motions in the single burst environment were adequate

but were not as accurate as the correspondinq vertical motions.
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The accuracy level of the horizontal motions degenerated

further in the multiple burst environment. It appears that

the prediction of horizontal motions in both single and

multiple burst environments require further study and

refinement.
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5. Conclusions and Recommendations

5.1 Conclusions

This analysis of the Misers Bluff Phase II data

focused on an evaluation of ground shock prediction pro-

cedures for both single and multiple burst conditions. The

conclusions listed below, therefore, reflect the validity

of those procedures and for the multiple burst event compare

the results with the Phase I findings.

5.1.1 Event II-1 (Single Burst)

0 The near surface vertical air-slap motions

were well predicted by the 1-D finite difference calculational

procedure. Addition of the first order pore-air model signi-

ficantly improved the comparison of the later time upward mo-

tions.

* The pore-air expansion model is quite

sensitive to small changes in the tensile strength, air void

content and layer reflections which are very difficult to

establish in-situ. The I-D calculational procedure must cor-

rectly model qrivity to yield creditable late time calculations.

o Horizontal air-slap motions semi-empirical

predictions are acceptable but omit the airblast induced shear

wave which often results in the peak amplitude and shortens

the horizontal outward pulse.
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o The low frequency components of motions

were predicted within the scatter of data upon which the em-

pirical predictions were based. However, the WES procedure

does not allow the crater-related pulse to propagate at a

different velocity from the surface wave component. They

both currently propagate at p-wave velocities. This leads

to peaks in the oscillatory component occurrinq too early at

larger ranges.

* Prediction of the frequency of the sur-

face wave component based on the depth-weiqhted shear wave

speeds and the depth to rock resulted in qood agreenent with

the data.

5.1.2 Event I1-2 (Multiple Burst)

* Superposition of single burst data pro-

vided acceptable predictions of the multiple burst event at

all measurement stations outside the explosive array and with-

in half the charqe spacinq away from the charge. These loca-

tions were also well predicted by superposition in Misers Bluff

Phase T.

* The superposition predictions were not

satisfactory for all components near the surface and for the

crater related component at depth in the center half of the array.

[lowever, near the surface, the peak downward vertical velocities

were well predicted by the I-D calculations when the airbiast

shock-omn-shock interactions were properly treated. The
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peak upward vertical velocities were predicted much better

by superposition than in Phase I, but the displacements were

significantly underpredicted. Utilization of pore air ex-

pansion model in the 1-D calculation improved the displace-

ments and did not significantly alter the upward velocities.

Superposition predicted the upward velocities because the

single burst spall radius was greater than the charge spacing

whereas in Phase I it was less than the charge spacing. Cor-

rection of the superposition prediction to preserve -lg during

free fall also improved the displacement prediction significantly.

e The near surface horizontal motions were

not predicted satisfactorily by superposition. These no-

tions appear not to be significantly affected by the pore air

expansion phenomenon, but indicate, as do the deeper horizontal

motions, that the geometry of the experiment (wave convergence)

is resulting in larger motions than predicted by superposition.

In Phase I superposition did a better job of predicting these

horizontal motions, indicating a possible geoloqy or yield

effect.

o The principle nonlinearities causing the

failure of superposition were the nonlinear equation of state

of air, the pore-air expansion phenomenon, the geometry leading
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to the wave convergence effects (related to the constitutive

equations of the soil) and the nonlinearities associated with

free fall after spall. Theoretical analysis of the first

two of these are reasonably well in hand, but pretest evalua-

tion of the in-situ soil properties controlling the pore air

expansion represent a problem in practice. The wave conver-

gence phenomenon is a two-dimensional approximation of the

three-dimensional case. Since no three-dimensional theoretical

work has been done, this effect can only be treated in an

approximate manner. Spall can be treated theoretically,

however the empirical predictions used for some components

of the single burst in the Waveform Synthesis Model do not

treat spall, therefore, there is currently no way to explicitly

predict spall and to make subsequent corrections.

a The "800 msec signal" observed MBII-2

is a multiple burst effect related to the convergence of

Rayleigh waves and the specific geology at this site. It's

occurrence is not predictable at this time, but it could occur

for other sets of conditions as well.

* The Waveform Synthesis Model has been

significantly improved as a result of the Misers Bluff 11-2

experiment and it does a creditable job of predicting that

event. It is currently useable for predicting nuclear events,

however some uncertainty remains with respect to wave con-

vergence and spall effects.
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5.2 Recommendations

Although this study resulted in substantial in-

crease in understanding of the ground motion phenomenology,

there are still areas of ground motion that need additional

study for both the single and multiple burst case. These

are, in order of priority:

o Study of spall and/or tensile behavior of soil

subjected to surface explosive loadinq. This phenomena has

been studied as it applies to metals and rocks but very little

work has been devoted to soils. Spall is playing an important

role in observed ground motion data and research to under-

stand and predict this phenomenoloqv should be pursued.

0 Experiments should be conducted to study multiple

burst ground motion in the absence of local airblast. This

would be instructive in evaluating wave converqence effects

of low frequency motions. This study should be complimented

by 2-D and 3-D calculations to evaluate the 2-D approximations

and aid in extrapolatinq the test results.

* The effect of pore-air expansion on the current

crater-volume scaling techniques needs to be evaluated. Identi-

fication of those test sites which are susceptible to pore-

'-ir expansion could lead to better understandina of this

effect and could influence the crater volume scaling relation-

ships.
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9 The WES empirical prediction procedures do not

explicitly separate upstream-airblast, crater related and

surface-wave effects. As discussed above, the latter of

these should propaqate at different wave speeds. Addition

of a stronuer theoretical basis to the WES procedure would

lead to better waveform prediction and oreater confidence

in extrapolatinq to qreater yield.

o Analytical studies to evaluate the relative

contribution of upstream-airblast and cratci-related (direct-

induced) effects would improve siqnificantly our understandinq

of the low frequency motion components and the oritiin of

surface waves. After a qualitative understandinui of the

relative effects for a variety of qeoloiic and 1-,ddino con-

ditions hos been developed, experiments to quantify the re-

sults should be planned.

* A study of the desian implications of the trans-

verse component of horizontal qround motion should be con-

ducted. This could provide quidance for analysis of the data

and in plannino future experiments.

* The horizontal air-slap component of qround

motion can be better described by inclusion of the air slap

induceU shear wave in the prediction. Development of a sim-

pi ftod procedure to treat this effect in the semi-empirical

predict ions should be undertaken.
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APPENDIX A

Superposition vs Data

Waveform Comparisons
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